Global warming exerts profound impacts on terrestrial carbon cycles and feedback to climates. Ecosystem respiration (ER) is one of the main components of biosphere CO 2 fluxes. However, knowledge regarding how ER responds to warming is still lacking. In this study, a manipulative experiment with five simulated temperature increases (+0℃ [Control] to warming in an alpine meadow on the Tibetan Plateau. The results showed that ER was suppressed by warming both in dry and wet years. The responses of ER to warming all followed a nonlinear pattern. The nonlinear processes can be divided into three stages, the quick-response stage (W1), stable stage (W1-W3), and transition stage (W4). Compared with the nonlinear model, the linear model maximally overestimated the response ratios of ER to warming 2.2% and 3.2% in 2015 and 2016, respectively, and maximally underestimated the ratio 7.0% and 2.7%. The annual differences in ER responding to warming were mainly attributed to the distinct seasonal distribution of precipitation. Specially, we found that the abrupt shift response of ER to warming under W4 treatment in 2015, which might be regulated by the excitatory effect of precipitation after long-term drought in the mid-growing season.
| INTRODUC TI ON
Under global warming, the earth's surface temperature has increased 0.76°C since the industrial revolution and is expected to increase to 1.1-3.1°C by the end of this century (Stocker et al., 2013) . Global warming affects terrestrial carbon cycles, which can cause positive or negative feedbacks to future climates (Brient & Bony, 2013; Luo, 2007; Melillo et al., 2002) . Ecosystem respiration (ER) is one of the largest terrestrial carbon fluxes (Luo, 2007) . The model simulation and field observations showed that the annual variation of CO 2 concentration in atmosphere is closely related to the ER fluctuation (Cox, Betts, Jones, Spall, & Totterdell, 2000; Kato et al., 2004; Luo, 2007; Niu, Sherry, Zhou, & Luo, 2013) . Therefore, understanding how ER responds to climatic change is critical for predicting the carbon-climate feedbacks at regional to global scales.
Warming could stimulate ecosystem carbon release across various terrestrial biomes in simulated warming experiments (Niu et al., 2013; Wan, Hui, Wallace, & Luo, 2005) . This is largely attributable to that elevated temperature could directly stimulate root and microbial respiration (Niu et al., 2008) . However, warming does not necessary result in increasing in ER, because other biotic and abiotic factors could regulate their responses (Wan, Norby, Ledford, & Weltzin, 2007) . Water availability may play a predominant role in regulating ER responses to warming, especially in arid and semiarid regions (Xia, Niu, & Wan, 2009) . Distinct effects of warming on ER under a soil water gradient were reported in tundra ecosystem (Welker, Fahnestock, Henry, O'Dea, & Chimner, 2004) . Lower soil water availability related with warming will exacerbate water limitations, offsetting parts of positive warming effects (Niu et al., 2008) .
A growing body of evidences demonstrated that climate warming could alter plant community structure and composition (Botkin et al., 2007; Keryn & Mark, 2009) . Warming effects on ER vary with plant species (Xia et al., 2009 ) and functional groups (Niu et al., 2013) .
Except for these factors, low-and high-level warming induce different changes in soil water availability, water use efficiency (Quan et al., 2018) , and community composition and may lead to distinct ER responses to warming magnitudes.
However, warming effects on ER were largely studied in two level warming (control and warming), and consequently reveal simple linear increasing (Niu et al., 2013) , linear decreasing (Fu et al., 2013) , F I G U R E 1 Conceptual diagram of the response of ecosystem respiration (ER) to warming. Dashed line and solid line represent regression equations (solid line: nonlinear regression equations; dashed line: linear regression equations), which evaluate the response of ER to warming or no change (Chen et al., 2016; Lin et al., 2011; Xia et al., 2009 ) of warming effects. To improve our understanding about responses of ER to warming, we need experiments with multiple levels of temperature increases to investigate nonlinear responses (Luo, 2007) . Therefore, nonlinear models may reasonably reveal responses of ER to warming in multiple levels of temperature increases.
There is growing evidence at global, regional, and local scales that interannual precipitation regimes have already become more extreme (Knapp et al., 2008) , particularly in arid and semiarid regions. Importantly, transient CO 2 release ascribable to the "Birch" effect in response to precipitation pulses is a notable property of arid and semiarid ecosystems (Birch, 1958) . This indicates carbon fluxes could respond quickly to precipitation events (Huxman et al., 2004) . Previous studies have examined priming effects of precipitation pulses on soil respiration after drought in arid or semiarid ecosystems (Austin et al., 2004; Liu, Wan, Su, Hui, & Luo, 2002; Smart & Peñuelas, 2005) . The increased soil respiration caused by priming effect contributes 16%-21% of annual total soil respiration (Lee, Nakane, Nakatsubo, Mo, & Koizumi, 2002) . It is important to note that "Birch" effect is closely related to soil water condition, showing that precipitation pulses stimulate soil respiration more strongly in drier soil than that in wetter soil (Wang et al., 2010) . The above-mentioned studies all reported priming effects of precipitation pulses on soil respiration, particularly for dry soils. However, knowledge on what role this stimulating effect plays in regulating responses of ER F I G U R E 2 Air temperature (°C, a: 2015; b: 2016) , soil temperature at 5 cm depth (°C, c: 2015; d: 2016) , soil moisture (%, e: 2015; f: 2016) at 5 cm depth and daily precipitation (mm, bars) during the growing season under different warming treatments to warming, and how the effects would influence the nonlinear response of ER to warming is even more unclear.
Studies on effects of climate warming on alpine ecosystems have been plentifully conducted on the Tibetan Plateau (Chen et al., 2016; Fu et al., 2013; Lin et al., 2011 (Zhu, Zhang, & Jiang, 2017) . The long-term mean annual temperature and precipitation is −1. 28℃ and 430 mm (1955-2016) , respectively. The growing season normally starts in mid-May and lasts until mid-September.
| Experimental design
Open-top chambers (OTCs) were used as passive warming devices based on the International Tundra Experiment design (Marion et al., 1997) . The OTCs used in the current study were similar to those in other studies (Chen et al., 2016; Dabros & Fyles, 2010; De Frenne et al., 2010 
| Data collection
In October 2014, cylindrical PVC rings (Diameter 9 cm and Height 5 cm) were inserted into soils to a depth of approximately 3 cm and emerge aboveground 2 cm. The ER were measured with an infrared gas analyzer (LI-6400; LiCor Inc., Lincoln, NE, USA) attached to a respiration chamber. The measurements were implemented from early June to early September, with an interval of approximately 5 days. In each measurement, we firstly obtained stabilized CO 2 S_ml in the natural state, and then set it as the target value. Second, after steady-state conditions, we set the delta value as 10 ppm. After instrument reduces CO 2 concentration to below target value of 10 (target value −10) within the chamber, it starts to work, and above target value of 10 (target value +10), it stops to work. This processes and averages of the two measurements were stored as the hourly averages, and averages of the 48 measurements were the day averages. In each warming treatment (three plots), we installed air and soil sensors (soil temperature and soil moisture) in two of them, and used average of the two measurements (Zhu et al. 2017 ).
| Statistical analysis
Repeated-measures ANOVA (RMANOVA) were used to examine warming effects on ER over the growing seasons in 2015 and 2016.
The between-subject effects were treated as warming effect and the Precipitation also exhibited strong seasonal patterns in 3 years. In spring and summer, precipitations were less than the MAP (Figure 2e ).
Particularly, in July of 2015, precipitation was 63.2% lower than the MAP (Figure 2e ). In growing season of 2016, precipitation exhibited a single peak patterns, and the summer total was 39.1% higher than that of the MAP (Figure 2f ). Figure 5c ; Table 2 ). However, the nonlinear model overestimated the response ratio 2.2% at 2.8-3.8°C warming ( Figure 5c ; Table 2 ). For the whole growing season of 2015, the linear model overestimated the response ratios by 1.1% at 3.0-3.9°C warming and underestimated by 3.7% and 1.1% at 2.5-3.0°C and 3.9-4.2°C
| Response of ER to warming during both growing seasons
warming, respectively ( Figure 5e ; Table 2 ).
Compared with nonlinear model, the linear model overestimated the response ratios of ER by 3.2% and 1.2%, respectively, at 1.6-1.8°C
and 2.9-3.2°C warming, and underestimated the response ratios of ER by 2.2% at 1.8-2.9°C warming during early-growing season of 2016 ( Figure 5b ; Table 2 ). Compared with nonlinear model at 1.8-2.0°C and 3.6-3.9°C warming, the linear model overestimated the response ratios of ER by 2.7% and 1.6%, respectively, at late growing season in 2016 and underestimated the response ratios of ER by 2.7% at 2.0-3.6°C warming ( Figure 5d ; Table 2 ). During the growing season of 2016, the linear model overestimated the response ratios of ER by 2.8% and 3.0% at 1.7-1.9°C and 3.3-3.8°C warming, respectively, and underestimated by 2.5% at 1.9-3.3°C warming (Figure 5f ; Table 2 ).
| Nonlinear responses of ER to warming
Nonlinear response processes of ER to warming are composed of sensitive response, stable response, and transition response. ER response to warming was more sensitive to low temperature increase (Table 3 ; p < 0.1).
This indicated that transition response was observed under W4.
However, such a transition was not identified in 2016 (Table 3 , 
| Impacts of abiotic factors on ER
The 
| D ISCUSS I ON

| Negative nonlinear response of ER to warming
This study explicitly revealed that response of ER to warming all followed a nonlinear pattern, a feature that previous studies failed to capture (Chen et al., 2016; Fu et al., 2013; Grogan & Iii, 2000; Hobbie & Iii, 1998; Lin et al., 2011; Niu et al., 2013; Welker et al., 2004; Xia et al., 2009 ). More importantly, the nonlinear responses of ER to warming were made up of three stages, including sensitive response, stable state response, and transition response (Figure 9 ).
Warming can exert negative effects on ER primarily through limiting soil water availability, especially in arid and semiarid regions (Xia et al., 2009) . Lower soil water availability would restrict root, microbial activities, translating into reduced ER (Niu et al., 2008) .
These passive effects have reported in same study area (Zhu et al., 2017) . Resent study reveals water availability more than temperature drives carbon fluxes of alpine meadow (Zhu et al., 2017) . In this study, positively linear dependence of ER upon soil moisture further supports these findings.
Plant growth effects on carbon fluxes are modulated by soil water availability in growing season (Liu, Cieraad, Li, & Ma, 2016) .
For the alpine meadow ecosystem, K. pygmaea, as a dominant species, is shallow-rooted, and mostly utilize shallow soil water (Dorji et al., 2013) . More importantly, it is a drought vulnerable species (Li, Wang, Yang, Gao, Liu, & Liu, 2011), and warming further exacerbate the vulnerability. Thus, warming significantly decreases K. pygmaea coverage (Supporting Information Figure S1 ).
Decreased plant cover could decrease canopy cover and increase bare soil evaporation, and consequently decrease aboveground plant respiration (Verburg et al., 2004 ; Supporting Information Figure S2 ). In addition, K. pygmaea belongs to dense bush fibrous root perennial plant, which could form a huge underground biomass (Liu, Sun, Zhang, Pu, & Xu, 2008) . The negative effects of warming on K. pygmaea could decrease underground biomass , translating into reduced below-ground plant respiration. For alpine ecosystems, ER variations are controlled by plant respiration (Chen et al., 2016) . In addition, nonlinear relationships between abiotic factors and ER may cause the nonlinear response of ER to warming in this study.
| Sensitive response to warming under low temperature increase
The ER was more sensitive to warming under low temperature increase (W1) for the alpine ecosystem (Supporting Information Figure   S3 ). The temperature sensitivity of ER is mainly related to temperature range (Lin et al., 2011; Tjoelker, Oleksyn, & Reich, 2001 ) and soil moisture (Flanagan & Johnson, 2005; Reichstein et al., 2002; Wen et al., 2006) . The temperature sensitivity of ER was significantly affected by soil temperature, and weakened with increased temperature (Supporting Information Figure S4 ). This result is in accord with previous studies (Bekku, Nakatsubo, Kume, Adachi, & Koizumi, 2003; Lin et al., 2011; Zheng et al., 2009; Zhou, Wan, & Luo, 2007) .
However, soil moisture and vegetation coverage stimulated the temperature sensitivity of ER. The quick changes in soil temperature, moisture, and vegetation coverage may lead to higher sensitivity of ER to warming under low temperature increase (W1). In turn, the greater sensitivity of ER to warming suggests that the alpine ecosystem, including vegetation and soil system, may experience large changes under future climate change.
| Stable and transition response to warming under high temperature increase
Our results demonstrated that ER exhibited stable and transition response to warming as temperature increases in 2015. But the transition response was not found in 2016. These contrasting responses may be related to the distinct seasonal precipitation distribution during the growing season. Previous studies have shown that the fluctuation of ER is regulated by the seasonal distribution of precipitation (Marcolla et al., 2011; Nijp et al., 2014; Ryan et al., 2015) . (Liu, Zhang, Zhen-Zhu, Zhou, & Hou, 2012) , even decreased it (Cavelier & Penuela, 1990) . ER negatively correlated with soil moisture when soil moisture was higher than 18.13% in this study. The standardized major axis estimation regression showed that no significant change in regression slopes between ER and soil moisture were found from W2 to W4 (Supporting Information Table S1 ). This could further supply an additional explanation for the stable response of ER to warming in 2016.
Warming can cause profound impacts on ER by decreasing soil moisture and increasing temperature (Frey, Drijber, Smith, & Melillo, 2008; Lin et al., 2011; Xu, Sherry, Niu, Zhou, & Luo, 2012) , which would restrict plant photosynthesis, root growth, and respiration (Domec & Gartner, 2003) and affect microbial activities, ultimately, reducing the amount of CO 2 (Liu, Zhang, & Wan, 2009 ). Precipitation can improve soil moisture conditions and rapidly stimulate soil respiration, and the effect usually lasts 2-6 days (Clein & Schimel, 1994; Franzleubbers, Stuedemann, Schomberg, & Wilkinson, 2000; Xu, Baldocchi, & Tang, 2004) . Even small amounts of precipitation can strongly accelerate soil respiration (Birch, 1958; Franzleubbers et al., 2000) , and moderate levels of precipitation and duration have a stronger stimulating effect on soil respiration (Huxman et al., 2004) .
In addition, the lower soil moisture content was, the stronger the excitatory effect was (Liu et al., 2002; Shi et al., 2006) . Therefore, the increase in soil respiration triggered by precipitation pulse is proportional to drought time and inversely proportional to soil respiration rate before precipitation (Xu et al., 2004 
| CON CLUS IONS
By conducting a warming experiment on an alpine meadow over two growing seasons, this study showed that ER displayed a nonlinear pattern with temperature increases. Further, the nonlinear processes could be divided into three stages during the dry growing season. First, ER was more sensitive to low temperature increase, which may be attributed to the quick changes in soil conditions and vegetation coverage. Second, ER displayed a flat response to warming due to the combined effect of biotic and abiotic factors. Finally, precipitation at late growing season could rapidly stimulate soil respiration. The flat state was broken by the excitatory effect of precipitation under high temperature increase. This study demonstrated the nonlinearity is likely a general feature for ER in response to warming, and these nonlinear processes and regimes should be taken into the global-C-cycling models for better predicting future carbon-climate feed backs.
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